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THE RECORDING of pressures from the 
chambers and vessels of the right side of 
heart in man must usually be done by means of a 
cardiac catheter connected to a manometer. The 
dynamic response of such a system can quite 
easily be made adequate for sufficiently accurate 
reproduction for most purposes of the pressure 
pulses in question.1 •5•8 However, serious pressure 
artifacts, caused by impacts on and motion of the 
catheter imparted by the heart beat, practically 
preclude high fidelity pressure pulse recording by 
this method if conventional catheter-manometer 
systems are used.1·' This study was carried out 
to obtain data concerning the optimal dynamic 
response characteristics of cardiac catheter-ma-
nometer systems for recording of pressure pulses 
by venous catheterization in man. 
Methods 
Pressure pulses, and other physiologic variables 
"\Yere recorded during routine diagnostic cardiac-
catheterization procedures, 7 by a photo-oscillo-
graphic assembly described · elsewhere.6 In the 
ll.1ajority of the experiments, pressures were re-
corded via the catheter by means of a specially 
adapted strain gauge manometer.7 The over-all 
dynamic ·response of this catheter-manometer 
system could be varied instantaneously by a 
· rnultipole switch, connected so as to allow re-
cording of the pressure pulses interchangeably 
by three different galvanometers with natural 
frequencies of 5, 12, and 25 cycles per second, 
respectively. In part of the ~:xpcriments the cath-
eter prl'ssures were recorded interchangl'ably, by 
turning a stopcock either by a high-frequency ca-
pacitance manometer,* or the strain gauge ma-
nometer. The resonant frequency anrl clamping 
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characteristics of the catheter-manometer assem-
blies used were determ:ined at the conclusion of 
each catheterization procedure by recording the 
responses of the systems to square wave and vari-
able frequency sine wave pressure variations gen-
erated by an electromagnetic hydraulic pressure 
oscillator described elsewhere.3 •6 Care was taken 
that the conditions of fluid filling and hydraulic 
connections between catheter and manometer 
were identical to the conditions pertaining during 
the experiment. 
The susceptibility of the catheter-manometer 
systems to pressure artifacts, caused by motion · 
of the catheter, was also studied at the termination 
of each procedure soon after withdrawal of the 
catheter tip from the vein. The apparatus used 
consists of a motor-driven cam, which imparts 
either a sine wave or a square wave motion to a 
shaft, to which the tip or shaft of the catheter can 
be clamped. The sine wave motions were at a fre-
quency of 2 per second and peak-to-peak ampli-
tude of 2 em. The frequency of the square wave 
impacts was 1 per second. The pressure artifacts, 
generated when the catheter was subjected to 
these motions along the axis of the tip and per-
pendicular to the tip or the miclshaft of the cathe-
ter, were ·studied. 
Results 
Studies of this type have been carried out dur-
ing thirty catheterization p!'Oct~clttres using strain 
gauge manometer systems only, and in seventeen 
procedures using the strain gauge and capacitance 
manometers interchangeably. The catheters used 
were of the Coumand type, ei.ther 100 or 120 em. 
in length, and varying in diameter from size 4 to 
7 French. 
In general, the dynamic response characteristics 
of catheters of a given size and length, connected 
to the strain gauge manometer, were quite closely 
reproducible from procedure to procedure. This 
repi·oducibility was not obtained with the higher 
frequency capacitance manometer system, in 
spite · of extreme care in attempting to insure 
minimal compliance of hydraulic connections, and 
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avoidance of entrapment of minute air bubbles. There was an excellent correlation between the 
degree of distortion of recorded pressure pulses 
by motion artifacts, and the amount of pressure 
artifact caused by sine wave, and impact catheter 
Catheter-manometer systems with low dynamic 
response characteristics uniformly produced pres-
sure pulse recordings with less evident distortion 
DYNAMIC RESPONSE 
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FREQUENCY OF SINE WAVE PRESSURE VARIATIONS-C:P.S. 
Fig. 1. Variations of sensitivity of cardiac catheter-manometer systems 
with the frequency of sine wave pressure variations determined im-
mediately after withdrawal of the No. 5 French catheter, 100 em. long, 
from the vein (see text for details) . The catheter could be connected 
interchangeably to either a capacitance or a strain gauge manometer. 
The dynamic response of the strain gauge could be altered inter-
changeably by connecting it to any one of four different recording 
galvanometer systems designated as H, KL, Kn and M. 
by motion artifact than did the higher frequency 
systems. This difference . was especially evident 
for pressure recordings taken when the catheter 
was threaded through the beating heart, as is the 
case for pulmonary-artery wedge, pulmonary ar-
teries and right ventricle pressures. 
motions produced by the motor-driven cam appa-
ratus. Figures 1, 2 and 3 show typical results 
illustrating these findings. 
These studies were carried out during and 
after a cardiac catheterization of a six-year-old 
girl found to have pulmonic stenosis. Pressures 
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were recorded via a 100 em. No. 5 cardiac cathe-
-ter from the pulmonary-artery wedge, pulmonary 
artery, and right ventricle by a strain gauge ma-
nometer coupled interchangeably to each of four 
than do motions perpendicular to the axi:;. Im-
pacts along the axis of the catheter tip caused 
spikes of pressun! varying from 5 mm. of mercury 
for the overclamped 5-cyclc strain gat1ge ~ysteru 
EFFECT OF VARIATIONS IN DYNAMIC RESPONSE 
OF CATHETER-MANOMETER SYSTEMS 
ON PRESSURE ARTEFACTS CAUSED BY CATHETER MOTION: 
ALONG AXIS AT TIP I PERPENDICULAR TO AXIS 
OF CATHETER AT TIP. OF CATHETER 






Fig. 2. Effect of variations in dynamic response of cardiac cathelcr-manometer systems on the 
pressure artifacts, caused by catheter motion along the axis of the tip of the catheter (left 
panels), and perpendicular to the axis at the tip of the catheter (right panels). The catheter 
motions were produced by a motor-driven cam shaft. The dynamic responses of the strain gallgl! 
and capacitance manometer systems are shown in Figure 1. Note that the lower frequency straiu 
gauge systems (Ka :~nd M) record less artifact than the 20-cycle system (H), and that llle high· 
frequency undamped capacitance manometer system records conlinucm~ high-frecjuency osdllation~ 
probably associated with induced mechanical vibro:~tions in the cn.1hetcr syst(~ltl . Noh~ al~o that 
motions along the axis of the tip of the catheter produce grealer pn~~sun• nsdllatinns fhau clu 
identical motions perpendicular to the axis of the co:~theter tip. 
· different galvanometer systems, and by a high-
frequency capacitance manometc1·. 
The natural frequency of the capacitance 
manon1eter system was 90 cycles per second, aU<l 
that of the strain gauge-catheter system about 20 
cycles per second. By use of lower h equency 
. galvanometers the response· could be r educed 
in.t:erchangeably to about 10 or to less tban 5 
cycles per second (Fig. 1 ). The susceptibility of 
t:hese catheter-manometer systems to pressure 
artifacts caused by motion of the catheter is 
shown in Figure 2. Since the major portion of 
t:~'l.e pressure artifacts are caused by the accelera-
hon and deceleration of the fluid column within 
~he catheter, induced by motion of the catheter, 
It: is to be expected that motions along the axis 
Of the catheter generate greater reactive pressures 
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to nwre thau 200 nn11, of lltvrcmy for ll11· lllllkl'" 
<lamped 90- ~·yl'k CillHll'i1:tlH'l' IIHll llllll\'il'l' ~_\'S11 ' 1U. 
Sine wave motion~ at 2 JH·r !'t't'ow l · tlf 2 -·nll. am·· 
plitmk caused smooth 10 111111. of tilt'n:nry Jll'ak-
to-peak pn•sstn·e varia1ions in Lht~ 5 - l'y~·lt• syslt•m 
and coutinuous noise, 10 to 20111111 . of men' llry in 
amplitude, in the 90-rydl~ capnci ta nn· syslt·m . 
Hig-hc1· frequency cathcter-manomtll'r syslt'lll~ 
were uniformly more susccptibk tt> lllotio11 arl"i-
facts than the low-frcqucm:y systems. 
Pressures recorded by these irlentiml catlwkr·· 
manometer systems from tlw. pulmotlary -at·ll'ry 
wedge, pulmonary artery and right vcntrich~ an~ 
shown in Figure 3. The most artifact-free tr;u'-
ing-s were obtait~ed by the 5-cydc system. Wlu:n 
the catheter was threaded through the lwart into 
the wedge position, the pressure pulst•s n.·wnlcd 
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by the 90-cycle capacitance manometer system 
were obscured by artifacts. 
Tracings obtained by the capacitance manom-
eter can be improYed by damping so t~?-t the re~ 
by a small catheter threaded through the standard 
size cardiac catheter. In our laboratory this has 
been found not to be the case. The small catheter 
used was of the Peterson type ( 145 em. long, OJ 
EFFECT OF VARIATIONS IN DYNAMIC RESPONSE 
OF CATHETER-MANOMETER SYSTEMS 

















Fig. 3. Effects of vanat1ons in dynamic response of catheter-manometer systems on 
pressure pulses recorded from the pulmonary-artery wedge, pulmcnary artery and 
right ventricle o f a six-year-old girl with valvular pulmonic stenosis. The dynamic 
responses of the strain gauge and capacitance manometer systems are shown in Fignrc 1. 
Note that recordings from the lower frequency strain gauge systems (Ka and M), 
show less evident distortion by artifact than the 20-cycle system (H), antl that wlH~n 
the catheter is threaded tllTC•Ugh the l.Jeating heart the pressure pulses in the Cljl<tCilance 
manometer recording- are almost completely obscured hy high-frequency artifact. Nol'c 
also the correlation between the susceptibility of the various systems to m otion artif;td 
shown in Figure 2, and the evident artifact in the pressure pulses reconlctl by these 
same manometer systems. 
sponse is limited to 5, 10 or 20 cycles per second. 
The capacitance and strain gauge systems are 
then about equally sensitive to motion artifacts. 
Pressure pulse tracings obtained from the pul-
monary artery and right ventricle show the least 
artifact for the 5-cycle system, most for the 20 
and intermediate, and about equal artifact for the 
10-cycle capacitance and strain gauge systems. 
mm. I. D., 0.6 mm. O.D.). For pressure recorcliug 
from the heart it was threaded through a couven· : 
tional 120 em. Coumand No. 6 cardiac catheter 
using a special adapter assembly. 
The dynamic response of these systems was 
determined. The natural frequency of the 0 .3 mm. 
catheter-capacitance system was about 30 cycles _ 
per second. For pressure pulse recording the 
system was damped down to 10 cycles, per second, 
similarly to the standard catheter-strain gauge 
system. The strain gauge system, recording from 
It has been suggested that motion artifacts 
would be reduced if very small catheters were 
used or, better still, if pressures were recorded 
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tlle cardiac catheter containing the small catheter, 
"v-as the most overdamped of the three systems, 
paving a ·uniform response out to only 2 cycles 
per second. 
tems with a sharp ··cutoff in sensitivity to highe~ 
frequencies which thus selectively discriminate 
against the relatively higher frequency motion; 
artifacts . . This requirement is, however, mutually 
COMPARISON OF PULMONARY ARTERY PRESSURE PULSE;:S 
RECORDED BY DIFFERENT CATHETER-MANOMETER SYSTEMS 
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Fig. 4. Comparison of pulmonary-artery ~ressure pulses recorded by different catheter-manometer systems 
from a twenty-three-yeal--old woman with mitral insufficiency. For details concerning the make-up and 
the dynamic responses and susceptibility to motion ar\ifacts of these three manometer systems, see text. 
The small plastic catheter was protected from impacts due to the heart action by the N O•. 6 cardiac catheter 
through which it was threaded into the pulmonary artery. The pressure pulses recorded by this system 
(right panel) are nevertheless, still badly distorted by artifact, althoLlgh somewhat less so than the record-
ings from the conventional catheter-strain gauge system shown on the left. The frequency response of the 
O·verdamped system (strain gauge connected to the No. 6 cardiac catheter containing the small plastic 
catheter) is probably too low for accurate recording of intracardiac pressure pulses, though the tracings 
obtained (middle panel) show the least evident distortion. 
ThL· susceptibility of these systems to motion 
artifacts was determined also. The ovcrclampcd 
strain gauge system exhibits the smoothest tracing 
while the small cathdl'r-capacitancc manometer 
system is intl'mwdiate betwt'L'll that ancl the stand-
ard catheter-strain gauge system. Actual pressure 
JYu]se· tracings from the pultnonitry artery of the 
sa1nc patient show similar results (Fig. 4), evi-
dent motion artifacts on the small catheter-capaci-
tance tracing being intermediate between those 
seen on the tracings from the two stJ·ain gauge-
ca thete1· systems. 
Comment 
These and similar studies have led us to con-
cl1.1de that it is highly improbable that high-fidelity 
Pressme pt\lse tracings can be recorded via con-
Ventional catheters threaded into the beating heart. 
'I'he degree of evident distortion can be reduced 
by using relatively low-frequency recording sys-
r.-T-:llRUARY, 1954 
antagomshc to the recording of cardiac pressure 
pulses, since elimination of evident motion arti-
fact requires such a low frequency system that 
a<.ll'quatc rcpr(Jtluction of the prcssu re J.mlsL~s in 
qul'stion may not be possiblt•. Indeed, 111otions of 
the cathctl'r at the frequency of the. heart beat, 
induce pressure artifacts at the frequency of the 
cardiac cycle which may be relatively smooth in 
contour ancl fused with the actual pressure pulse 
in such a way as to be mwecognizable as artifact. 
The only solution to this problem known to us · 
at present, is the use of a miniature manometer 
attached to the intracardiac tip of the catheter. 
Such a manometer has been made by Gauer and 
Geinapp after Wettcrer's design. 2 Since its mov-
ing element has a mass of only 15 mg., reactive 
forces to acceleration and deceleration of the 
catheter tip are very small and hence this catheter-
manometer system is practically free of motion 
artifacts when the catheter is moved outsicie the 
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tJle cardiac catheter containing the small catheter, 
~as the most overdamped of the three systems, 
11aving a ·uniform response out to only 2 cycles 
per second. 
tems with a sharp ··cutoff ·in sensitivity to highe~ 
frequencies which thus selectively discriminate 
against the relatively higher frequency motion' 
artifacts. This requirement is, however, mutually 
COMPARISON OF PULMONARY ARTERY PRESSURE PULSES 
RECORDED BY DIFFERENT CATHETER-MANOMETER SYSTEMS 
(Female, 23 yr., Mitral lns~fficiency) 
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Fig. 4. Comparison of pulmonary-artery p,ressure pulses recordecl by different catheter-manometer systems 
from a twenty-three-year-old woman with mitral insufficiency. For details concerning the make-up and 
the dynamic responses and susceptibility to motion ar\ifacts of these three manometer systems, see text. 
The small plastic catheter was protected from impacts due to the heart action by the No-. 6 cardiac catheter 
through which it was threaded into the pulmonary artery. The pres·sure pulses recorded by this system 
(right panel) are nevertheless, still badly distorted by artifact, although somewhat less so than the record-
ings from the conventional catheter-strain gauge system shown on the left. The frequency response of the 
overdamped system (strain gauge connected to the No. 6 cardiac catheter containing the small plastic 
catheter) is probably too low for accurate recording of intracardiac pressure pulses, tl10ugh the tracings 
obtained (middle panel) show the least evident distortion. 
The susceptibility of these systems to motion 
artifacts was determined also . The overdampecl 
strain gauge system exhibits the smoothest tracing 
\.vl1ile the small catheter-capaci lance manometer 
system is interml'cliate between that ancl the stand-
. a r<l catheter-strain gauge system. Actual pressure 
pulse· tracings from the pulmonill'y artery of the 
same patient show similar results (Fig. 4), cvi-
d{.~nt motion artifacts on the small catheter-capaci-
' tance tracing being intermediate between those 
. seen on the tracings from the two strain g;wge-
, c:a theter systems. 
Comment 
These and similar studies have led us to co~1-
c:hlde that it is highly improbable that high-fidelity 
Pressure pulse tracings can be recorded via con-
Ventional catheters threaded into the beating heart. 
T'he degree of evident distortion can be reduced 
by -using relatiYely low-frequency recording sys-
PF.llRUARY, 1954 
antagonistic to the recording of cardiac pressure 
pulses, since elimination of evident motion arti-
fact requires such a low frequency system that 
adequate reproduction of the pressme pulses in 
question may not be possible. Indeed, motions of 
the catheter at the frequency of the heart beat, 
induce pressure ;u·tifacts at the frequency of the 
cardiac cyelc whieh may be relatively smooth in 
con tom· and fused with the actual pressure pulse 
in such a way as to be tmrecogniiablt' as artifact. 
The only solution to this problem known to us 
at present, is the use of a miniature manometer 
attached to the intracardiac tip of the catheter. 
Such a manometer has been made by Gauer and 
Geinapp after Wetterer's design.2 Since its mov-
ing element has a mass of only lS mg., reactive 
forces to acceleration and deceleration of the 
catheter tip are very small and hence this catheter-
manometer system is practically free of motion 
artifacts when the catheter is moved outsicie the 
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body.1 Pressure pulses recorded from the heart 
and great vessels are similarly practically devoid 
of artifact.I . , 
Summary and Conclusions 
An electromagnetic hydraulic pressure oscilla-
tor has been used to study the dynamic response 
characteristics, and a motor-driven cam apparatus 
to study the pressure fluctuations caused by re-
producible sine wave and square wave motions of 
cardiac catheters connected to strain gauge or 
capacitance manometer systems. These studies 
were carried out immediately after use of these 
identical systems for recording of intracardiac 
pressure pulses during forty-seven diagnostic 
cardiac-catheterization procedures in patients with 
various types of cardiovascular abnormalities. 
1. Sine wave motiom, along the axis of the tip 
of the catheter at a frequency of 2 per second 
and a peak-to-peak amplitude of 2 em., produce 
sine wave variations of pressure at this fre-
quency and with a peak-to-peak amplit~tde of 
about 10 mm. of mercury. This motion of the 
catheter tip resembles that usually seen to some 
degree at cardiac catheterization, especially when 
the catheter tip is in the pulmonary artery. Sine 
wave motion perpendicular to the axis of the tip 
of the catheter did not produce pressure fluctua-
tions of practical significance. 
2. Square wave motions (impacts) produce 
high-frequencr pressure variations of greatest 
magnitude when the impact is directed along the 
a..xis of the tip of the catheter. The amplitude of 
the recorded pressure variations induced by square 
wave motion of the catheter (impacts) varied 
inversely with the frequency response of the 
catheter-manometer systems used. Impacts of the 
catheter produced much less pressure fluctuation 
when in a direction perpendicular to the axis of 
the catheter than when directed along the axis of 
the catheter. 
3. A close correlation was demonstrated 
between the susceptibility of cardiac catheter-
manometer systems, to pressure artifacts induced 
by motion of the catheter outside of the body, 
and the degree of distortion by artifact of pres-
sure pulses recorded by the sam~ catheter system 
from the beating heart. 
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4. Catheter-manometer systems, with a uni-
form dynamic response out to 5 to 10 cycles per 
second with a sharp cutoff in sensitivity to higher 
frequencies, were least susceptible to the higher 
frequency pressure artifacts induced by catheter 
motion, and likewise ·produced pressure pulse 
recordings with the least evident distortion by 
artifacts. 
5. Pressure pulses, recorded by conventional 
catheters threaded through the beating heart, 
should be regarded with a high index of suspicion, i 
since the lower frequency artifact induced by 1 
motion of the catheter synchronous with the heart ; 
beat, may be of such character and be fused with ; 
each pressure pulse in such a manner as to be 
unrecognizable as artifact. 
6. Recording of pressures by a small (0.3 mm. 
I.D.) catheter threaded through a conventional · 
cardiac catheter reduces slightly but not to' a 
sufficient degree the artifact present in pressure 
pulse recordings from within the heart. 
References 
1. Ellis, E. J.; Gauer, 0. H., and Wood, E. H.: An 
intracardiac manometer : Its evaluation and' applica-
tion. Circulation, 3 :390-398 (Mar.) 1951. 
2. Gauer, 0 . H., and Gienapp, Erich: A miniature 
pressure-recording device. Science, n.s., 112:404-40.i 
(Oct. 6) 1950. 
3. Isaacson, James, and Jones, R. E. : An electro-
magnetic hydraulic transducer for studying t·espon~ 
characteristics of manDmeter systems in square wave 
and sine wave pressure variations of variable fre-
quency. (Abstr.) Am. J. Physiol., 163 :722-723 (Dec.) 
1950. 
4. Lambert, E. H., and Jones, R. E. : The charac· 
teristics of a resistance-wire manometer for 
measuring blood pressure in cardiac catheterization 
studies. Proc. Staff Meet., Mayo Clinic., 23 :487-493 
(Oct. 27) 1948. 
.'i . Wood, E. H. : Study of minimal dynamic respon5e 
characteristics of manometer systems required for 
adequate recording of peripheral arterial pressure ' 
pulses in man. (Abstr.) Am. J. Physiol., 163:762 
(Dec.) 1950. 
6. \iiJood•, E . H .: Special instrumentation problems eu· 
countered in physiological research concerning the 
heart and circulation in man. Science., n.s., 112: 
707-715 (Dec. 15) 1950. 
7. Wood, E. H . : Special technics of value in the 
cardiac catheterization laboratory. Proc. Staff Meet, 
Mayo Clin., 28:58-64 (Feb. 11) 1953. 
8. Wood, E. H . ; Leuscn, I. R., and Warner, H . R.: 
Comparison of aortic pressure pulses recorded by 
strain-gauge and capacitance manometer-catheter 
systems in man. (Abstr.) Am. J. Physiol., 171 :780 
(Dec.) 1952. 
MINNESOTA MEDICINE 
